Study Design: Case control. Objective: To test the reported correlation of hypotension, polydipsia, and hyponatremia with higher levels of spinal cord injury (SCI). Setting: A Veterans Administration Hospital, USA. Methods: The records of men who were paralyzed owing to trauma at any spinal cord level with motor complete lesions (ASIA A or B) and who received an annual physical and laboratory examination were reviewed for age, duration of paralysis, level of paralysis, blood pressure (BP), serum sodium, and 24 h urinary volume, creatinine, and sodium. Creatinine clearance and fractional excretion of sodium (FcNa) were calculated. Spearman rank-order correlations (r s ) were carried out. Results: Patients were aged 25 to 88 years, median 56 years, paralyzed 2-61 years, median 26 years, with levels of paralysis ranging from C2 to L4, median T4, n ¼ 111. From lower to higher levels of paralysis FcNa increased (0.4-7.3%), mean BP diminished (132-66 mmHg), urine volume increased (600-5400 ml), and serum sodium was reduced (148-129 mEq/l) -r s ¼ 0.29, 0.49, À0.22, and 0.23, respectively. Increasing 24 h urinary volumes correlated with lower serum sodium concentrations but higher creatinine clearance, r s ¼ À0.28, 0.24. Increasing 24 h urinary sodium improved creatinine clearance, r s ¼ 0.37. P-values ranged from o0.05 to o0.001. Conclusion: Higher levels of SCI correlate with reduced sodium conservation, hypotension, polydipsia, and hyponatremia. Greater water intake raises creatinine clearance but lowers serum sodium. Greater salt intake increases creatinine clearance.
Introduction
Formerly, patients with spinal cord injury (SCI) were encouraged by their caregivers to drink much fluid to maintain urine flow and reduce infection of the urinary tract. This advice is no longer given with much consistency; but many patients, notably the more severely paralyzed, produce large amounts of urine. 1 Excessive fluid intake has, in addition, been invoked to explain the hyponatremia associated with higher levels of paralysis. 2 Still another effect of higher levels of paralysis is diminished blood pressure (BP). 3 It is asked, therefore, whether a syndrome of hypotension, polydypsia, and hyponatremia at higher levels of paralysis can be demonstrated in a single cohort and whether it can be explained.
Methods

Subjects
The records of subjects who were registered for continuing care at this institution and who attended the SCI clinic for an annual evaluation were reviewed. To more clearly test the association of the level of paralysis with the proposed syndrome, only patients with the more severe grades of paralysis, ASIA Impairment Scale A or B, were selected. For purposes of calculations, the levels of paralysis were numbered 1 through 25 for levels C1 to L5. Subjects with assisted ventilation, antihypertensive medication, or acute illness were excluded. Subjects with untreated hypertension, cardiovascular disease, or autonomic dysreflexia were not excluded. BP was recorded with the patient sitting in his wheelchair soon after arriving at the outpatient clinic. In the event of stress from travel or apprehension, BP recording was delayed. Supine BP was not recorded because recumbent position might obscure orthostatic hypotension in some patients. All patients had been instructed to take usual medication but to drink no coffee and eat no breakfast. Urine specimens were collected by the patient for 24 h before the morning of the check-up appointment. The items reviewed for this survey were age, cause of paralysis, duration of paralysis, level and grade of paralysis, BP, 24 h urine volume, serum sodium, 24 h urine sodium, and creatinine clearance. Fractional excretion of sodium (FcNa) was calculated by urinary sodium (mmol/l)/serum sodium(mEq/l)/urine creatinine (mg/dl)/serum creatinine (mg/dl) Â 100 and expressed as percent. The record review was approved by the Institutional Review Board for this institution.
Comparisons
The level of paralysis, FcNa, BP, 24 h urine volume, serum sodium, 24 h urine sodium, and creatinine clearance were compared non-parametrically. Coefficients of correlation were calculated by the Spearman rank-order method. A probability of 0.05 was considered a significant correlation. Calculations were carried out by the Primer of Biostatistics. 4 
Results
Ten subjects were excluded from data collection because of ventilator dependence (three), diaphragmatic pacing (three), antihypertensive medication (two), and fever (two). One hundred and eleven subjects remained; all were male; all but two were paralyzed due to trauma. The age of the subjects at review was 25-88 years, median 56 years, and the duration of paralysis was 2-61 years, median 26 years. The data collected from the records of these subjects have been summarized in Table 1 .
Comparison of parameters reveals that a high level of paralysis is correlated with a high FcNa, low BP, high urine output, and low serum sodium ( Table 2 ). The correlation between the level of paralysis and FcNa, BP, and urine volume are shown in Figures 1-3 . FcNa and serum sodium are inversely related; FcNa and urinary sodium are directly related. As urine volume increases serum sodium decreases (Figure 4 ), but creatinine clearance increases ( Figure 5 ). Similarly, greater urinary excretion of sodium, reflecting greater salt intake, enhances creatinine clearance ( Figure 6 ).
Discussion
The association between the higher levels of paralysis owing to SCI and hypotension, polydipsia, and hyponatremia -noted separately in previous reports 1-3 -has been confirmed collectively in this report. In addition, impaired sodium conservation has been found at the higher levels of paralysis. This association could not be explained by sodium intake, which was not related to level of paralysis. The reduced retention of sodium in the presence of hyponatremia at the higher levels of paralysis suggests salt wasting on the basis of a central nervous system lesion, comparable to that noted with some cases of severe brain injury. 5 Such a myelopathic form of salt wasting might play a role in the syndrome of hypotension, polydipsia, and hyponatremia.
The recovery of sodium from glomerular filtrate is under hormonal control -the renin-angiotensin-aldosterone system (RAS) -but is permitted by renal innervation. When the sympathetic innervation of the kidney is disabled, the control of renal blood flow, tubular secretion of angiotensin II, and the production of renin by the juxtaglomerular granular cells are impaired, reducing the recovery of sodium from the glomerular filtrate. 6, 7 Thus, although the RAS of the tetraplegic man is activated to super normal levels by orthostasis, 8 its continued effectiveness may be blunted by a denervation of the sympathetic supply to the kidneys. The RAS does not prevent hyponatremia at the higher levels of paralysis. In addition, as recovery of filtered sodium is a metabolically intense activity, the possibility that the reduced BP of the severely paralyzed impedes renal tubular activity might be considered. 9 However, no correlation between FcNa and BP was found in this survey. Instead, the correlation between a high FcNa and a low creatinine clearance was found, suggesting that diminished renal blood flow may have contributed to impaired conservation of sodium.
The hypotension of higher levels of paralysis is related to the disability of both the sympathetic and the somatic nervous systems in these subjects. First, the somatic nervous system lesion impairs breathing ability, manifested by decreasing vital capacity with progressively higher levels of paralysis. 10 Breathing is the pulmonary pump that determines venous return and cardiac output and supports BP. 11, 12 The lowering of BP coincides with the loss of vital capacity as the level of paralysis becomes higher. 3, 10, 13 Second, this somatic disability also inacti- vates the assistance of leg muscle contraction in the return of venous blood from the lower extremities.
14 Third, although the centrally disabled sympathetic system reacts by reflex to noxious stimuli with autonomic dysreflexia, it fails to respond to orthostasis with vasoconstriction to protect the circulation against gravity. 15 Fourth, although the venous capacity of the lower extremities is constricted and may oppose venous pooling with sitting, the reservoir of venous blood volume available to the pulmonary pump for support of BP with orthostasis is reduced. 16 Fifth, intravascular volume is diminished. 17 This reduction is explainable by the reported leakage of osmotically active material, albumin, from the intravascular space, greater at higher levels of paralysis. 18 The relative importance of these factors on the protection of the circulation against gravity is uncertain. An end result of these hypotensive factors is the reduction of cardiac output and heart size as found in the tetraplegic subject. 19 In summary, the hypotension of severe SCI is multifactorial.
Polydipsia has been assumed in the presence of polyuria, which cannot be sustained in the absence of increased fluid intake. Although patients were not questioned regarding thirst, the mechanisms of the polydipsia of the higher levels of paralysis can be considered from the list of reported causes of thirstdepletion of intracellular volume or of extracellular volume, central nervous system lesions, and hormonal effects. 20 Taking the first consideration, total water per body weight in the spinal cord injured subject is reportedly comparable to controls, but intracellular volume is diminished and extracellular volume is expanded (although intravascular volume is constricted). 17, 21, 22 Furthermore, the intracellular volume is more constricted in the tetraplegic than in the paraplegic subject, thus coinciding with the polydipsia of higher levels of paralysis in the current survey. The first mechanism, thirst induced by diminished intracellular volume, may apply to the spinal cord injured subject. The second mechanism, the central nervous system lesions associated with thirst, is unlikely to apply as the lesions cited are rostral to the spinal cord. The third mechanism, via hormonal factors, mainly renin and angiotensin, might apply, however. These hormones tend to be elevated in the subjects with higher spinal cord lesions. 23 Hemorrhagically induced hypotension raises brain angiotensin, which can stimulate thirst experimentally. 24 The polydipsia of the upper levels of SCI may result from both hormonal reactions and abnormal compartment volumes.
The possibility exists that patients had been instructed to drink fluids as a method of reducing urinary tract infections. However, it is unlikely that these instructions discriminate between higher and lower levels of SCI, both being subject to urinary tract infections.
The hyponatremia of the high levels of paralysis can be related to four factors. First, renal conservation of sodium may be impaired owing to sympathetic denervation of the kidney or impaired renal blood flow, as discussed. Second, antidiuretic hormone (ADH) is secreted to exceptionally high concentrations in response to orthostatic hypotension. 25 The stimulating effect of hypotension overcomes the inhibitory effect of hypotonicity. Thus, water is conserved despite serum hyponatremia. 26 Third, failure of the tetraplegic patient to excrete a water load after the suppression of ADH has been reported, suggesting an ADH-independent mechanism of renal conservation of water. 27 Fourth, the augmented water intake, evidenced by polyuria, provides ample substrate for the expression of ADH. In summary, the hyponatremia of SCI can be related to the effects of partially blocked sodium conservation, enhanced water conservation, and increased fluid intake.
The described syndrome of high SCI -salt wasting, hypotension, polydipsia, and hyponatremia in the chronically paralyzed -can be recognized in clinical practice, and a physiological connection of the components of this syndrome can be understood. Salt wasting is suggested by a high FcNa (greater than 2.5%) 28 determined on a spot urine sample in the presence of a low serum sodium. Hypotension is recognized by its symptoms with orthostasis or by direct BP monitoring. Polydipsia is suggested by noting urine volume when creatinine clearance is tested by a 24 h collection. Salt wasting and hypotension represent direct effects of disabled sympathetic and somatic nervous systems whereas polydipsia and hyponatremia are indirect effects of these lesions. The net effect is incomplete support for a circulatory system that depends upon on a compensatory water intake in the severely paralyzed.
As parameters of a fragile circulation, this syndrome has therapeutic implications. Water ingestion alone can raise BP and prevent orthostatic syncope, and may be an example of patient self-treatment. 29, 30 However, although excessive fluid intake contributes to hyponatremia, which, if extreme, threatens cerebral function, treating this condition with fluid restriction may be depriving the tetraplegic patient with a defense against insufficient circulation. Treating the hyponatremia of an ill patient with fluid restriction but without saline and volume support can be fatal. 31 Supplementing salt intake alone can improve the excretion of a water load and ameliorate orthostatic hypotension. 32, 33 It can be pointed out that the median calculated daily sodium intake by the subjects surveyed was 3000 mg (130 mmol), well under the recommended 6000 mg (260 mmol) maximum for hospital patients. 34 In contrast to ablebodied hospital patients, for whom salt restriction is often recommended, the SCI patient paralyzed at a high level has a need for more dietary salt. Attention to both salt and water metabolism in patients with the syndrome described could improve circulation to critical areas such as the brain, the skin, the kidneys, and the lungs. 35 
Conclusion
Evidence for a syndrome of higher levels of motor complete SCI -renal salt wasting, hypotension, polydipsia, and hyponatremia -has been collected. The pathophysiology is probably related to sympatholytic effects on renal tubular recovery of sodium, to the loss of BP support through both the sympathetic and somatic nervous system lesions, to stimulation of thirst by volume depletion of the intracellular compartment and high levels of renin and angiotensin, and to excessive antidiuretic activity, hormonal and renal. The circulatory reserve of the high-level SCI patient is limited and dependent on salt and water intake.
